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Coupling building energy simulation (BES) and computational ﬂuid
dynamic (CFD)
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Skycourts are attracting widespread interest in the contemporary construction of
high-rise commercial buildings. Due to their remarkable function as public
realms and transitional nodes, those spaces could introduce alternatives to the
vernacular courtyards/atriums in high-rise buildings. This paper outlines the
methodology that was adopted to examine the performance of basic spatial
configurations of skycourt in high-rise office buildings in a temperate climate.
Significantly, these areas accomplished as buffer zones that are non-ventilated
and unheated while accommodating combined ventilation strategy. The study is
processed via coupled simulation between a building energy simulation (BES)
and a computational fluid dynamic (CFD). The developed coupling approach
aims to improve the prediction for skycourt performance that is essential for the
assessment of thermal comfort conditions and energy consumption. Results to
nominate the optimum spatial configuration of skycourt along the vertical section
of the high-rise office buildings are discussed briefly. However, the focus is on the
methodology.
Keywords: Skycourt, Spatial Configuration, Coupling Simulation, Thermal
Comfort, Energy Efficiency
INTRODUCTION
The skycourt, by its various conﬁgurations, is recog-
nised as communal areas in high-rise commercial
buildings, established from the concept of the court-
yards in low-rise buildings. They function as public
social void spaces which can provide leisure; wellbe-
ing for workers, obvious connections and social in-
teraction as hubs. They could perform such as areas
for circulation and transition. Moreover, they could
perform as buﬀer zones between the indoor and the
outdoor thus could mediate the climate conditions,
provide thermal and acoustic protection to the in-
terior and reduce heat loss. Furthermore, skycourt
can oﬀer a contemporary alternative to the vernac-
ular courtyard or atrium in high-rise buildings due to
its potential to allow natural light and ventilation to
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enter deeper into the interior of the high-rise build-
ing and avoid unwanted solar gain (Goncalves and
Umakoshi, 2010; Pomeroy, 2008, 2007; Yeang, 1999).
Therefore, these areas could play a promising
role in conserving energy and improving the ther-
mal comfort for buildings (Alnusairat andElsharkawy,
2015; Pomeroy, 2014). The perspectives of obtain-
ing signiﬁcant reductions in energy consumption be-
sides enhancing the thermal comfort of users in these
areas are considered in this study. The paper is part
of research seeks to investigate the energy savingpo-
tentials associated with the modiﬁcation of the sky-
court design. This objective could be achieved by
demonstrating skycourt as an integrated buﬀer ele-
ment in high-rise oﬃce buildings and exploring its
consequence on reducing demand for heating and
cooling, besides potential advantages on occupants’
thermal comfort at the skycourt, in temperate cli-
mates such as London.
Figure 1
Diagrams for the
spatial
conﬁguration of
skycourt in
high-rise oﬃce
buildings (the white
coloured zone
represents the
skycourt)
Skycourt may be classiﬁed on the basis of posi-
tion in the midst of the high-rise building into sky-
entrance, sky-terrace, sky-court and sky-roof. The
sky-entrance is the open or void space located at the
lower ﬂoor(s), whereas the sky-roof is located at the
top of the building. The sky court is the open or
void spacebetweenﬂoors, andﬁnally, the sky-terrace
is the space located at the corner(s) of the building.
These spaces are two or more ﬂoors height linked di-
rectlywith the surrounding indoor andoutdoor areas
by open walls or indirectly through enclosed walls.
However, the space conﬁguration or form ge-
ometry of skycourt can be divided into several pro-
totypes: hollowed-out space, corner space, sided
space, inﬁll space, interstitial space and chimney
space (Pomeroy, 2014). See ﬁgure 1. This paper
focuses on the ﬁrst three conﬁgurations because
these spaces are widely constructed in the study
context. Also, these conﬁgurations reveal useful
models to test the research’s hypothesis that sky-
court could function as a buﬀer zone that is non-
ventilated and unheated space intermediate be-
tween the inside -the oﬃce zones that combined
controlled air temperature- and the outside- the ex-
ternal environment-. These glazed void areas could
be connected with the outdoor by one edge, two
edges and three edges. See ﬁgure 2. The hollowed-
out prototype (A) represents the one edge connec-
tion. The corner prototype (B) displays the two edges
connection and ﬁnally the three edges connection il-
lustrated by the sided prototype (C).
COUPLING STRATEGY: BUILDING ENERGY
SIMULATION (BES) AND COMPUTATIONAL
FLUID DYNAMIC (CFD)
A large and growing body of literature has argued
that simulationplays an important role as an interme-
diate point of knowledge for developing design solu-
tions in construction. It is a useful technique for de-
veloping and testing theory, in addition, it could be
used as a design tool for generating design alterna-
tives, predicting performance and deﬁning the opti-
mum solution that improves performance. This tech-
nique could be conducted for analysing the eﬀect of
space(s), the system(s) or device(s) at several scales to
informmore details (Groat and Wang, 2013).
However, methods for modelling the ambient
conditions concerned for investigating thermal com-
fort, air containment and energy eﬃciency could be
divided into two groups: physical models and nu-
merical models. These diﬀer in the base of mod-
elling techniques and level of details for the input
data. The physical (reduced scale) models could rep-
resent or reproduce the characteristics of the full-
scale physical context or system, such as materials
and products that are readily manipulated by exper-
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Figure 2
The spatial
conﬁgurations of
skycourt (the white
shaded zone) ﬂoor
plans considered in
the study: (A)
hollowed-out, (B)
corner, and (C)
sided prototypes
imenters and diﬃcult to be obtained in full scale. On
theother hand, numerical (mathematical)models are
recommended when dealing with questions of scale
and complexity. These use numerical approximation
to predict the thermal, airﬂow performance inside
and outside the buildings, and energy consumption,
in various constructions such as atrium and glazed
buildings due to cost-eﬀective and eﬃciency (Wang
and Wong, 2008). In this model, mathematical prob-
lems are formulated so that they can be solved with
fundamental arithmetic equations of heat transfer
and ﬂuid dynamics (Prajongsan and Sharples, 2012).
However, the most powerful modelling is the com-
puter simulation, which oﬀers a useful tactical tool
that could produce a large body of accurate infor-
mation in short periods for determining the thermal
and energy performance (Ali and Armstrong, 2008;
Groat and Wang, 2013). Computer programs could
replicate the real-world contexts or events (‘’virtual
world‘’) for the purpose of studying dynamic inter-
action (‘’synthetic elements‘’) that resulted of manip-
ulated factors within the setting (Groat and Wang
2013). Therefore, numerical simulation model tech-
nique was selected to investigate the thermal, air
performance inside the skycourt, and encounter the
most aﬀordable spatial conﬁguration of skycourts in
high-rise oﬃce buildings.
Recently, the new direction of building ther-
mal and energy simulation has been established is
in which, two models could be interrelated. This
method is known as the ”coupling models” that is
widely used in ventilation studies. Simulation meth-
ods in the construction are classiﬁed into two ma-
jor modules: the building energy simulation and the
airﬂow method. In recent years, many literature has
recognised the Computational Fluid Dynamics (CFD)
as the most accurate and detailed model among the
airﬂow models (Zhai and Yan, 2003). Barbason and
Reiter (2014) concluded from reviewing several simu-
lation studies that computational ﬂuid dynamics sim-
ulation has been accepted as an appropriate simu-
lation to investigate all kinds of aero-thermal phe-
nomena in buildings. For example, it can predict
the full distribution of air velocity, air temperature
and air quality. In addition, it can inform the perfor-
mance of both the natural and mechanical ventila-
tion, the contaminant dispersion, the internal and ex-
ternal airﬂow, and the heat islands. Moreover, CFD
is sophisticated for the current architectural style,
which characterised by glazed facades and atrium
conﬁgurations (Barbason and Reiter, 2014). On the
other hand, fully CFD simulation requires long calcu-
lation times. Further, airﬂow models require thermal
and ﬂow boundary conditions that can be obtained
from the BES (Zhai and Yan, 2003). CFD stands on
numerical techniques to solve the equations for the
ﬂuid ﬂow, themass of containment species, the ther-
mal comfort and indoor air quality analysis. It can
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solve the equations by dividing the spatial contin-
uum into cells among grid, which requires iterations
to achieve a converged solution (Zhai et al., 2002). In
contrast, the Building Energy Simulation (BES) stands
on the principles of energy (heat) balance equations
that considers the internal heat transfer between the
space air and surface. These include energy balance
equations for a space air, for a surface (e.g. wall and
window) and for the radiative heat ﬂux (Zhai et al.
2002). Therefore, BES could provide thermal, energy
analysis for the whole building and the HVAC sys-
tems. The output of this simulation includes mean
(average) air temperature, heating, cooling, ventila-
tion, solar gain, fabric and incidental loads. BES could
be obtained on an hourly basis for the whole year.
Unfortunately, this type of simulation assumes air as
well-mixed. Therefore, it is unable to provide de-
tailed predictions of the spaces’ indoor air proper-
ties such as the distributions of air velocity and tem-
perature, the relative humidity and the contaminant
concentrations (Zhai et al. 2002; Zhai and Yan 2003).
Therefore, it is argued that integrating BES and CFD
together can produce complementary information
for the energy consumption and the indoor thermal
comfort for buildings. Furthermore, it is agreed that
the coupled simulation can predict more accurate,
detailed and quick results compared to the separate
simulation (Barbason and Reiter, 2014; John and Yan,
2005; Wang and Wong, 2008; Zhai et al., 2002; Zhai
and Yan, 2003). The coupling approach stands on
providing the interior surface temperatures and the
heat extraction rate that are obtained from BES to
the CFDmodel so the airﬂow simulation could calcu-
late speciﬁc air thermal conditions (Zhai et al. 2002).
Therefore, theCFDmodel can receivemore exact and
real-time internal thermal conditions thus can pre-
dict the dynamic indoor thermal conditions. This sig-
niﬁcance is essential for the assessment of indoor air
quality and thermal comfort. Moreover, the BES can
obtainmore accurate convection heat transfer coeﬃ-
cient from the boundary envelope. This process pro-
duces a more precise calculation of energy demand
and full thermal behaviours of the building enclosure
(John and Yan 2005). In addition, using this mech-
anism of integration can eliminate few assumptions
that handled via each separate application, reduce
the computation timeofCFD (WangandWong, 2009;
Zhai and Yan, 2003).
There are two major approaches for coupling
thermal and CFD simulation to reduce computing
time-cost: the static coupling and the dynamic cou-
pling. However, Zhai et al. (2002) distinguished a
third key strategy for coupling simulation. That is the
bin coupling. The static coupling process includes
one-step or two-step data exchange between BES
and CFD programs. The process can be performed
manually with a few coupling iterations and does not
require hard modiﬁcations of individual ES and CFD
programs. While, the dynamic coupling process re-
quires continuous coupling between the BES and the
CFD at each time step. This method may occur in
one-time step, quasi-dynamic or full-dynamic. The
one-time-step focuses on the coupling at one spe-
ciﬁc time step of interest. At that point step, the itera-
tionbetweenESandCFD is carriedout to reacha con-
verged solution. However, coupling might happen
without iteration at each time step in a period such as
in the quasi-dynamic. That is the CFD simulation ob-
tains the boundary conditions from the previous BES
calculation at the speciﬁc time step, then returns the
thermal information of indoor air to BES of the next
time step. The full dynamic coupling involves itera-
tion between BES and CFD to reach a converged so-
lution at each coupling time step before moving on
to the next step. In the bin coupling process, the BES
receives info that is pre-calculated by the CFD and
saved it in the bins to be used for subsequent energy
computation (Zhai et al. 2002).
Generally, the approaches of exchanging data
between the BES and theCFDmodulesmaybe classi-
ﬁeddepending on the type of data transfer into three
methods. In the ﬁrst method, the indoor surface
temperatures transfer from BES to CFD, then convec-
tive heat coeﬃcient and indoor air temperature from
CFD to BES. The second approach considers trans-
ferring indoor surface temperature from BES to CFD
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and then convective heat ﬂux from CFD to BES. The
third method includes transferring interior convec-
tive heat ﬂux from BES to CFD and then returns con-
vective heat coeﬃcient and indoor air temperature
gradients fromCFD to BES.Method one is considered
the most appropriate one due to its stability. How-
ever, method two is the most expensive one since it
requires explicit in BES and implicit in CFD. Whereas,
method three is not recommended since it is unable
to control air temperature (John and Yan, 2005; Zhai
and Yan, 2003).
The next section describes the coupling simula-
tion approach that is adopted in the study.
INTEGRATINGHTB2ANDWINAIRFORTHE
SKYCOURT ANALYSIS
HTB2 and WinAir are used in this study. The HTB2
software version 10 is used to inform the thermal per-
formance and energy eﬃciency while WinAir Version
4 is adopted as a CFD simulation to inform the ven-
tilation performance inside the skycourt. The input
data required for the HTB2 comprises information of
both the regional climate data and the building, in-
cluding info regarding the building size, construc-
tion materials, small power, building services (heat-
ing, lighting, ventilation and occupancy) during the
occupation and avocation periods and the diary of
application. The output data includes thermal con-
ditions represented by air temperature, air humid-
ity, mean radiant temperature, element surface tem-
perature, and mean surface temperature. Further-
more, energy performance embodied by space gains
and losses from heating, cooling, incidental, solar,
ventilation and fabric loads. The output information
could be in the form of power (W) or energy (kWh).
This information could be based on the hourly, daily,
monthly or yearly database. On the other hand, the
WinAir software requires knowledge of the building
size, inﬂowandoutﬂow rate in case of ﬁxed ﬂow rates
(mechanical ventilation), pressure boundaries in case
of varying ﬂow rates (openings -natural ventilation),
internal heat gain and heat loss and pollutant con-
ditions in the event of source of contaminants. See
ﬁgure 3. The climatic data considers speciﬁc time at
the speciﬁc date. The study investigates the perfor-
mance of skycourt in summer, winter and transitional
seasons emplacing the hottest hour, the coldest hour
and mid-temperature hour. The output data com-
prises graduating information of air temperature, air
velocity and air concentration showing the airﬂow
pattern.
The paper aims to predict the indoor air temper-
ature, and the air velocity at the occupancy level of
the skycourt under the assumption that these zones
are buﬀer areas do not consume energy for heating
neither cooling. However, constant air supply that
exhausts from the adjacent oﬃces‘ zones is assumed
to modify the internal environment of the skycourt.
Similar conditions are conducted for the three spatial
conﬁgurations to perform the fair comparison. Exter-
nal coupling is adopted in this study to ensure ac-
curate prediction of the indoor environment for the
skycourt, and to eliminate time cost. Therefore, two
models should be built separately in the HTB2 and
theWinAir. A schematic model was developed in the
energy simulation to predict the thermal conditions
inside the skycourt space and the energy consump-
tion for heating, cooling and ventilation, consider-
ing that the skycourt space consists of three zones;
lower, middle and upper zone. Furthermore, a grid
model was built in the WinAir to investigate in de-
tails the airﬂow phenomena - air temperature and
velocity. Data exchange for boundary conditions is
needed to bridge the two programs. The static cou-
pling strategy is chosen to couple the two simula-
tions. The thermal conditions for the CFD (WinAir)
simulations are obtained from previously calculated
values from the energy modelling software HTB2.
These include the surfaces’ heat transfer, the inlet -air
supply, the outlet -air exhaust and the internal heat
gains involved inside the skycourt. Then, the resulted
temperature from the CFD simulation was compared
with the average skycourt temperature from the BES
to ﬁnd the predicted temperature diﬀerence. The
temperature diﬀerence was small (approximately 1°
C). That little diﬀerence is usually accepted for venti-
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Figure 3
Diagram shows the
HTB2 and WinAir
coupling models
lation cases to continue the simulation for the next
time step (Wang and Wong 2008). Therefore, one-
step data exchange was adopted in the study.
RESULTS AND COMPARATIVE ANALYSIS
Results from the energy simulation for the annual en-
ergy demand for heating and cooling the buildings
are represented in Figure 4. The diﬀerence of en-
ergy demand for heating and cooling in the build-
ing between the selected prototypes is small. De-
tailed monthly heating, cooling, solar, fabric, ventila-
tion and power loads for the skycourts are shown in
Figure 5.
Figure 4
Results from BES of
annual energy
demand for heating
and cooling for the
buildings
Figure 6 provides an overview of the thermal condi-
tions including air temperature, mean radiant tem-
perature and the external air temperature, further, it
presents the heating, cooling, ventilation, incidental,
solar and fabric loads at the lower zone of the sky-
court in thehottestweek in summer for the threepro-
totypes (A), (B) and (C).
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Figure 5
Results from BES of
monthly heating,
cooling, solar,
fabric, ventilation
and power loads for
skycourts
Figure 7 illustrates the speciﬁc gradient thermal con-
ditions -air temperature and air velocity obtained
from the CFD simulation for one case simulation at
14.00, 28 June.
The results from the BES and CFD simulation are
highlighted in Table 1. It is apparent from this table
that CFD simulation can provide accurate informa-
tion at the occupancy level of the skycourt related to
the comparison criteria, while the BESprovides an av-
erage temperature for thewhole skycourt space. The
table shows that there is a small temperature diﬀer-
ence (nearly 1 ° C) between the twomodels. This pro-
vides strong evidence of the eﬃciency of integrating
both the HTB2 and the WinAir programmes. Overall,
the results indicate that skycourt prototype A is the
best among the three prototypes in terms of thermal
comfort- air temperature and air velocity and energy
consumption reduction for the building.
CONCLUSIONS
The paper has described a method to explore the
thermal performance and the energy consumption
of several spatial conﬁgurations of skycourt in high-
rise oﬃce buildings in a temperate climate. The cou-
pling simulation system of integrating BES and CFD
is recommended for studies that examine the ther-
mal performance of spaces in details at speciﬁc zones
within the whole space. Signiﬁcantly, studies that
use simulation as a design tool. It can be seen from
the simulation results that the method shows eﬃ-
ciency to study the thermal conditions at the sky-
court space. Therefore, this approach could be ap-
plied to investigate spaces that are humongous and
tall such as skycourt, atriums, courtyards and plazas.
However, to further improve the accuracy of the re-
sults, segmentation of the skycourt space in the BES
model into more than one space to obtain more
speciﬁc results to feed to the CFD model is recom-
mended.
It is anticipated that the coupling of HTB2 and
WinAir programmes produce minimum temperature
diﬀerence (nearly 1 ° C). This result acknowledges the
corresponding and compatibility between the two
programmes. Therefore, the technique described in
this paper to couple HTB2 and WinAir programmes
could be applied to predicting the indoor environ-
ment of other spaces.
The comparison between the three spatial con-
ﬁgurations of skycourt (A, B and C) regarding thermal
comfort -air temperature and air velocity- and energy
loads shows that prototype A is the recommended
conﬁguration.
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Figure 6
Results from the
BES of thermal
conditions and
loads in skycourt -A,
B and C models at
summer
90 | eCAADe RIS 2017 - Building Performance Computation
Figure 7
Results from CFD of
the thermal
conditions -air
temperature
gradient (° C) and
air velocity (m/s) in
skycourt -A, B and C
models at 14.00, 28
June, summer,
External air
temperature is 28.3°
C, RH is 42%.
Location of cross
sections is shown in
ﬁgure 2
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Table 1
Summary of
coupling results
from BES and CFD
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